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ABSTRACT 

We present the first measurement of the AGN fraction in high-redshift clusters of galaxies (z ^ 0.6) with 
spectroscopy of one cluster and archival data for three additional clusters. We identify 8 AGN in all four 
of these clusters from the Chandra data, which are sensitive to AGN with hard X-ray (2-lOkeV) luminosity 
Lx.H > 10'*"' erg s"' in host galaxies more luminous than a rest frame M« < -20 mag. This stands in sharp 
contrast to the one AGN with L^.h > 10'*^ erg s~' we discovered in our earlier study of eight low-redshift 
clusters with z = 0.06 0.3 l(z ~ 0.2). Three of the four high-redshift cluster datasets are sensitive to nearly 
Lx.H > lO'*^ erg s"' and we identify seven AGN above this luminosity limit, compared to two in eight, low- 
redshift clusters. Based on membership estimates for each cluster, we determine that the AGN fraction at 
z - 0.6 is fA(Lx > 10'*2;Mr < -20) = 0.028!!]:;;|^ and f^iLx > 10''^Mr < -20) = OMO^^-^^j. These values 
are approximately a factor of 20 greater than the AGN fractions in lower-redshift (z ^ 0.2) clusters of galaxies 
and represent a substantial increase over the factors of 1.5 and 3.3 increase, respectively, in the measured 
space density evolution of the hard X-ray luminosity function over this redshift range. Potential systematic 
errors would only increase the significance of our result. The cluster AGN fraction increases more rapidly 
with redshift than the field and the increase in cluster AGN indicates the presence of an AGN Butcher-Oemler 
Effect. 

Subject headings: galaxies: active - galaxies revolution - clusters: individual (MS2053-04, CL0542-4100, 
CL0848.6H-4453, CL0016H-1609) 



1. INTRODUCTION 

Measurements of AGN in low-redshift clusters of galax- 
ies have received substantial recent interest because of their 
apparent importa nce for r egulating the heat ing of the intra- 
cluster medium (iMcNam ai'a et al. 2000; Fa bian et ani2000t) 
and the efficiency with which sensitive Chandra observations 
can identify th e relatively rare AGN population in clusters. 
In recent work iMartini et al.l ( l2006l) showed that the X-ray 
selected AGN in clusters was 5% (for 0.5-8keV Lx > 10"*' 
erg s~' in galaxies above Mr < -20 mag), or five times as 
many as found via emission-line selection in purely spectro- 
scopic surveys ( Dressier et al 1985) . These observations also 
demonstrated that the excess X-ray point source surface den- 
■ sity observed towa r d the fields of clusters of galaxies (e.g . 
; iLazzati et al.l fT998t ICappi etaH l200ll ISun & Murravl l200l 
were due to X-ray emission from cluster members and not 
chance associations. 

The high-redshift cluster AGN population has been less 
well studied due to the absence comparably-sensitive Chan- 
dra observations of z > 0.5 clusters and the greater diffi- 
culty of spectroscopic follow-up. Nevertheless, AGN are 
expected to be more common in higher-redshift clusters be- 
cause of the over all increase in the AGN space density at 
high redshift (e.g. IOsmedl2004 ) and the increase in the frac- 
tion of star forming g alaxies in clusters at higher redshift (e.g. 
iPostman et al.ll200ll) . which indicates that high-redshift clus- 
ter galaxies are richer in cold gas than their lower-redshift 
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counterparts. Observations of several high-redshift clusters 
have also found su bstanti al AGN populations in som e clusters 
(Dress ier & GunnI 119831: iJohnson et af] I2003L 120061) . while 
surface density studies have found evidence for an increase 
in the X-ray source surface density at high redshift dDowsettl 
l2005h . Feedback from cluster AGN could also play a substan- 
tial role in shutting down star formation in cluster galaxies, 
such as illustrated by the significant decrease in blue galaxies 
found by Bu tcher & Oemler (1978). 

In this Letter we present the first measurement of the cluster 
AGN fraction at high redshift (z ^ 0.58) from analysis of four 
archival Chandra observations, our spectroscopic observa- 
tions of one cluster (MS2053-04), and literature data for three 
additional clusters (CL0016H-1619 at z = 0.5466; CL0542- 
4100 at z = 0.630; CL0848.6H-4453 at z = 0.57). These ob- 
servations reveal a substantial increase in the cluster AGN 
fraction at high redshift, which has many implications for the 
preheating of the ICM during cluster assembly, downsizing 
in the AGN population as a function of environment, and the 
AGN contribution to X-ray studies of high-redshift clusters 
for cosmological studies. 

2. OBSERVATIONS 

We have identified AGN in MS2053-04 via spectroscopic 
observations of X-ray counterparts from archival Chandra ob- 
servations. MS2053-04 has been observed twice with Chan- 
dra (ObsID 551 and 1667), which are a pair of 45ks ACIS-I 
observations that partially overlap one another (both include 
the cluster core). The area of the first of these datasets was im- 
aged with deep BVRI observations with the Tek5 CCD camera 
at the 2.5m du Pont telescope at Las Campanas Observatory 
in September 2002 (the second Chandra dataset was not yet 
public). These images were processed and galaxies identified 
and matched to th e X-ray observation s following the proce- 
dures described in lMartini et al.l (l2006l) . 
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Fig. 1. — Spectra (left), /?— band image (middle), and X-Ray image {right) of X-ray sources in MS2053-04. The gaps in the spectra correspond to the gaps 
between the chips of the IMACS CCDs. Redshifted [Oil] A3727 is present in XI, X2, and X5, but not X4, while this wavelength falls in a chip gap for X3. Ca H 
& K can be seen in X3 and X4, but not in XI or X5 and falls on the chip gap for X2. The location of the redshifted [Oil] and Ca H & K are indicated in the top 
panel. 

tified with the CIAO WAVDETECT algorithm from both the in- 
dividual observations and a merged version of the observa- 
tions. This analysis reidentifed the four X-ray counterparts 
at the cluster redshift. We also cross-c orrelated these X -ray 
sources with a spectroscopic study by iTran et alj ( l2005h and 
identified one additional X-ray source at the cluster redshift. 
The properties of these five sources are provided in Table [T] 



This analysis identified 82 X-ray sources with visible- 
wavelength counterparts and these were used to design slit 
masks for the IMACS spectrograph (Dressier et al. 2006) on 
the 6.5m Walter Baade Telescope of the Magellan Project. A 
total of four, multi-tier slit masks were designed with approx- 
imately 180 objects per mask; however, faint sources were as- 
signed to multiple masks and therefore a total of 617 unique 
objects were observed. These objects included all X-ray coun- 
terparts brighter than / < 23.5 mag. Additional sources were 
prioritized by / magnitude to obtain information about the 
inactive cluster galaxy population. Color and image quality 
constraints were not employed to pre-select potential clus- 
ter members due to the small expected size of typical clus- 
ter members and the large population of relatively blue or 
Butcher-Oemler galaxies in this high-redshift cluster. 

The four slit masks were observed in August 2004 for three 
hours each and these data were processed into 2-D spectra 
with the COSMOS package^. 1-D spectra were extracted with 
the IRAF APALL package and redshifts were measured with 
a modified version of the Sloan Digital Sky Survey pipeline, 
although each was also inspected by eye. This identified a to- 
tal of 41 counterparts to X-ray sources, including four at the 
cluster redshift. To supplement these observations and ob- 
tain improved flux measurements we reprocessed the original 
Chandra data and added the second ACIS-I pointing. These 
data were processed with CIAO 3.3.0.1^, CALDB 3.2.4 and 
NASA's FTOOLS 6.1.1^. Individual X-ray sources were iden- 
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3. RESULTS 

We have identified a total of five X-ray counterparts at the 
redshift of MS2053-04, although we only classify the one 
AGN within r2oo as a member. The AGN classification is 
based on the rest-frame, hard X-ray luminosity [2-10 keV] 
of Lx.H = 10"^^ erg s~' (measured on the merged datasets). Of 
the remaining four X-ray counterparts, one is associated with 
the Brightest Cluster Galaxy (BCG). This source is coinci- 
dent with the peak of the X-ray emission from the intracluster 
medium and evidence for an additional , AGN component is 
inconclusive (see also iTran et al.ll2005h . The three remain- 
ing X-ray counterparts lie outside the cluster's projected r2oo 
radius of 1.5 Mpc, w hich we calculated from the cluste r's 
velocity dispersion (Carlberg et al. 1997. iTreu et ani200 3') of 
cr = 865 km s~' (Tran et al.. 20 05). While they may be bound 
to the cluster, we adopt the projected radius of r2oo to compare 
measurements of the AGN fraction between clusters. Figure[T] 
presents the visible-wavelength spectra, /?-band images, and 
X-ray images of all five of the X-ray sources at the redshift of 
MS2053-04. 

3.1. The AGN Fraction in MS2053-04 
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TABLE 1 

X-RAY Sources at MS2()53-04 Redshift 



Name 


Object ID 


1 


V-I 


log Lx,H 


z 


R [Mpc] 




Notes 


MS2053-X1 
MS2053-X2 
MS2053-X3 
MS2053-X4 
MS2053-X5 


CXOU J205647. 1-044407 
CXOU J205617.1-044155 
CXOU J205621. 2-043749 
CXOU J205621. 2-043552 
CXOU J205608.1-043211 


21.26 (0.05) 
18.96 (0.05) 
19.20 (0.05) 
21.35 (0.05) 
22.73 (0.05) 


0.950 (0.08) 
2.020 (0.08) 
2.048 (0.08) 
1.774 (0.08) 
0.421 (0.08) 


42.81|| 
42.43+0-20 

42 03+^'^^ 

49 50+0.20 


0.600 
0.600 
0.584 
0.585 
0.588 


3.57 
1.67 


0.78 
2.59 


2.35 
1.10 


0.51 
1.71 


Not in 1st X-Ray Field 

BCG (likely not an AGN) 
z from Tran et al. (2005) 



Note. — AGN in MS2053-04 (z = 0.583). The columns include: (1) our identifier; (2) full name; (3) /-band magnitude; (4) V -1 color; (5) log of ttie hard X-ray luminosity; (6) 
redshift; (7) projected distance from the cluster center in Mpc; (8) projected distance relative to r^oo; (9) notes about the X-ray source. 



TABLE 2 

Known AGN in High-Redshift Clusters 



Object ID 


z. 


log Lx.H 


R/Rioo 


Refs 


CL0016-I-1619 










E0015-H162 


0.553 


45.48 


0.31 


a 


CXOMP J001842.0-I-163425 


0.55 


42.59 


0.80 


b 


CL0542-4100 










CXOMP J054240. 8-405626 


0.639 


43.59 


0.40 


b 


CXOMP J054255.0-405922 


0.644 


43.00 


0.12 


b 


CXOMP J054251.4-410205 


0.637 


43.27 


0.21 


b 


CXOMP J054248.2-410140 


0.634 


43.16 


0.17 


b 


CXOMP J054259.5-410241 


0.638 


43.29 


0.33 


b 


CL0848.6-I-4453 










CXOSEXSI J084837.5-H445710 


0.569 


42.9 


0.34 


c 


CXOSEXSI J084843.2-H445806 


0.566 


42.6 


0.34 


c 


CXOSEXSI J084846.0-H445945 


0.567 


43.1 


0.62 


c 


CXOSEXSI J084858.0+445434 


0.573 


43.8 


0.46 


c 


CXOSEXSI J08493 1 .3-H445549 


0.567 


42.9 


1.49 


c 



Note. — AGN in three additional, high-redshift clusters from the literature: 
CL0016+1609 (z = 0.5466); CL0542-4100 (z = 0.630); CL0848.6+4453 (0.57). For 
each AGN in column (1) we list: (2) the redshift; (3) log of the hard X-ray luminos- 
ity; (4) projec ted distance fro m the cluster cente r rel ative to r20Q; (5) ref erences are: (a) 
lMargonetal1 fr983); (b) Silv erman et ai]|2005l) ; (c) lEckart et al] 120061) . 

Calculation of the AGN fraction in MS2053-04 requires 
measurement of the number of cluster members without lumi- 
nous X-ray counterparts. Follo wing the AGN fraction mea- 
surement of iMartini et alj (1200 6), we choose to estimate the 
number of cluster members above a rest-frame Mr < -20 
mag, which corresponds to / = 22.4 mag for an evolved stel- 
lar population at this redshift. As our spectroscopic catalog 
is not complete for all galaxies to this magnitude limit, we 
instead use the efficiency of our spectroscopic identification 
of cluster members, the surface density of resolve d, I < 22 A 
mag objects, and the membership data collected bv lTran et al.l 
(12005) to estimate the total cluster galaxy population. We 
calculate this efficiency for the full sample, as a function of 
magnitude, and as a function of color and estimate the clus- 
ter galaxy population Nes, within r2oo is 66 (no binning), 74 
(color binning), or 66 (magnitude binning). From this analysis 
we conclude that there are approximately 66 galaxies brighter 
than Mr < -20 mag in the cluster. 

3.2. Literature data and the Evolution of Cluster AGN 

We searched the Chandra archive and the literature to 
identify additional clusters at z ~ 0.6 with both comparably 
sensitive observations and spectroscopic observations of the 
X-ray sources and identified three clusters: CL0016H-1609 
(z = 0.5466, 61ks) and CL0542-4100 (z = 0.630, 51ks), 
where X-ray sources in these fields had been targeted by 
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Fig. 2. — Evolution of the cluster AGN fraction with redshift. Cluster 
AGN with Lx.H > lO'*^ erg s'Ublue triangles) and Lx.h > lO'*^ erg s^^(red 
squares) are more common at z ~ 0.6 than in the low-redshift (z ~ 0.2) sam- 
ple of eight clusters studied by (Martini et al .1 12009) . The redshift range of 
the clusters used is marked by the error bars. The evolution is a lso more 
pronounced than expected from integration of the lUeda et alj 120031) HXLF. 



the ChaMP survey (i Kim et al.l l2004t [Silverman et"ani2005h 
and CL0848.6H-4453 (0.5 7, 185ks), which has been tar- 
geted by the SEXSI survey (iHarrison et al.ll2003l: lEckart et all 
120061) . In addition, CL0016H-1609 has extensive mem- 
bership data and a measured veloc it y dispersion of g = 
1234 km s-'dPressler & GunnI [19921: ICarlberg et all [19961: 
lEllingson et al.lll998h . From these membership data and the 
reported completeness of the CNOC survey, we estimate that 
there are approximately 200 cluster members more luminous 
than Mr = -20 mag in CL0016H-1609. The other two clus- 
ters in this sample, CL0542-4100 and CL0848.5H-4453, do 
not have substantial spectroscopic data outside of the X-ray 
counterparts. For these clus ters, we us e the measured X- 
ray temperatures of 7.9 keV (,Xue & Wui.2000.) and 3.6 keV 
dHolden et alj|200ll) . respectively, to estimate velocity disper- 
sions of cr = 1200 km s"'and 670 km s"'. We then use the 
relationship between velocity dispe rsion and cluster ri chness 
Ngah from the MAXBCG survey ( Koester et ani2007h to es- 
timate the number of members brighter than M* -I- 1 , or ap- 
proximately our galaxy absolute magnitude threshold. From 
their fitting formula we estimate that there are 152 members 
in CL0542-4100 and 24 in CL0848.5H-4453. This relation 
also predicts 55 members in MS2053-04 and 172 members in 
CL0016H-1609 and these values are agree with our previous 
estimates to within 20%. We adopt these membership values 
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for all four clusters to consistently calculate the AGN fraction; 
we discuss the uncertainties in this assumption below. 

Our observations of MS2053-04, along with those for 
CL0016+1619 and CL0848.6+4453, are approximately deep 
enough to detect sources to a limiting rest-frame hard X-ray 
luminosity of Lx,h > lO'*^ erg s"^ In these three clusters 
we have identified a total of seven AGN within r2oo in a to- 
tal population of 251 galaxies. For comparison, we identi- 
fied only two AGN above this limit in a sample of eight low- 
redshi ft (z ~ 0.2) cluste rs with a total of 1377 cluster galax- 
ies (Martini et al.l l2007b . At z ^ 0.6, we therefore find the 
AGN fraction is /a(Lz,// > IO'^^'Mr < -20) = 0.028!{;:[Jj| (7 
AGN divided by 251 cluster galaxies). The quoted uncertain- 
ties correspond to 90%, one-sided Poisson confidence lim- 
its. The data for the highest-redshift cluster in our sample 
(CL0542-4100) is only sensitive to AGN more luminous than 
Lx,H > 10^^ erg s"' and there are a total of eight AGN within 
r2oo above this limit in these four clusters (with an estimated 
400 total cluster members), in striking contrast to the presence 
of only one comparably luminous AGN in eight low-redshift 
clusters. For this X-ray luminosity threshold we estimate that 
the AGN fraction is fA(Lx,H > 10'*^;Mr < -20) = 0^020^;^ 
In con trast, at z = 0.2 the AGN fractions from 'Marti ni et al.l 
(l2007h are /a(Lz,h > IO'^^'Mr < -20) = 0.0015!j]:;j!j24 and 
fA(Lx^H > 1043;Mr < -20) = 0.0007!|];°|]2i, or approximately 
a factor of 20 lower Figure |2] plots the cluster AGN frac- 
tion for these two luminosity thresholds at low and high red- 
shift and illustrates the significant increase in the cluster AGN 
fraction at high-redshift compared to the lower-redshift sam- 
ple. For comparison, we also show the relative evolution of 
the integrated space density of AGN above these two luminos - 
ity thresholds from the parameterization of lUeda et al.l (12003b . 
While the overall normalization of the curves is arbitrary, the 
relative evolution of the Lx,h > 10^^ erg s"'and Lx,h > 10"^^ 
erg s~' samples are not. These curves indicate the cluster AGN 
fraction increases more rapidly with lookback time than the 
AGN space density in the field. Specifically, the field AGN 
space density increases by only a factor of 1.5 from z ^ 0.2 
to z 0.6 for Lx.H > 10"*^ erg s"' and only a factor of 3.3 
for Lx.H > 10'*^ erg s"', compared to the factor of ^ 20 we 
observe in clusters. While there is substantial variation be- 
tween the AGN fraction of individual clusters, if we exclude 
CL0848, the largest contributer to the AGN fraction, and redo 
the calculation, we still see a factor of 10 increase in the AGN 
space density. 

While the substantial evolution in the AGN fraction in clus- 
ters is due to small numbers of AGN, it is measured from 
a large population of inactive cluster galaxies. The mea- 
sured fractions at low and high redshift are formally incon- 
sistent with the 90%, one-sided confidence intervals. At 
high redshift we have more AGN and consequently have a 
more significant measure of the AGN fraction. We therefore 
use these measurements of the high-redshift AGN fraction 
and a binomial probability distribution to ask the probabil- 
ity of detecting 2 AGN with Lx.h > 10"^^ erg s"' or 1 with 
Lx.H > lO'*^ erg s~' in the low-redshift sample and calculate 
that the probability (for each) is less than 1%. The main sys- 
tematic error in these calculations is in the number of galaxies 
brighter than Mr < -20 mag in each cluster. The detailed 
membership inform ation for MS2053-04 (|T ran et al. 2005) 
and C L0016-H1619 dPressler & Guiinl [1991 .ElUngson et al.i 
119981) suggest there are 66 and 200 members in these clus- 
ters, respectively, and both of these values agree to within 



20% with the richness - velocity dispersion relationship from 
iKoester et al.l (l2007h . This suggests that systematic errors in 
membership are insignificant compared to the observed evo- 
lution in the AGN fraction. Two additional sources of uncer- 
tainty in these estimates are galaxy luminosity evolution be- 
tween z ~ 0.6 and z ~ 0.2 and the actual sensitivity and com- 
pleteness of the Chandra datasets. First, is approximately 
0.4 mag brighter at z ~ 0.6 than z ~ 0.2. Our fixed luminos- 
ity threshold extends further below at high redshift and 
therefore we have overestimated the cluster membership (rel- 
ative to M*) at higher redshift and underestimated the AGN 
fraction. Secondly, the Chandra observations are not be uni- 
formly sensitive to our adopted thresholds of Lx,h > 10"^^ erg 
s"' and Lx.H > 10'*-' erg s"', such as the fact that the 61ks ob- 
servation of CL0016H-1609 is shallower than the 90ks of total 
integration time available for the center of MS2053-04. We 
estimate the size of this effect by calculating the approximate 
depth of each Chandra exposure and integrating the hard X- 
ray luminosity function of Ueda et al. (2003) from the current 
depth to Lx.H > lO**^ erg s"'. This exercise indicates that we 
may expect as many as 50% more AGN if these data were 
uniformly sensitive to Lx.h > 10"*^ erg s"' sources. Two fi- 
nal points are that the spectroscopy of all X-ray sources may 
not be complete and it is difficult to unambiguously identify 
an AGN in the BCG due to the substantial X-ray emission 
from the ICM. All of these potential systematic effects would 
increase the AGN fraction and strengthen our result. 

4. SUMMARY 

We have analyzed archival Chandra observations of four 
high-redshift z ^ 0.6 clusters of galaxies to derive the first 
measurement of the cluster AGN fraction at high redshift. Our 
spectroscopic observation of the z = 0.586 cluster MS2053- 
04 identified one cluster AGN with a rest-frame, hard X- 
ray luminosity Lx,h > 10"*^ erg s"', while when we include 
spectroscopic observations from the literature we find a to- 
tal of eight AGN with Lx.h > lO"*"* erg s"' in four clus- 
ters and seven with Lx.h > 10'*^ erg s"' in the three clus- 
ters with longer Chandra observations. We use our spec- 
troscopic survey of inactive galaxies in MS2053-04, litera- 
ture data for CL0016, and simple scaling arguments to es- 
timate the total number of inactive galaxies in each cluster 
above a rest-frame luminosity of Mr < -20 mag to estimate 
the AGN fraction in clusters above these two hard X-ray lu- 
minosity thresholds: fA(Lx.H > 10'*2;Mr < -20) = 0.028!{J[Jj| 
and fAiLx.H > 10«;M« < -20) = 0.020!0:!]i|. 

Although these estimates correspond to a small fraction of 
the total cluster galaxy population, they represent a substan- 
tial increase over the measured cluster AGN fraction at low- 
redshift. Specifically, in a sample o f eight clusters of ga laxies 
with an average redshift of z 0.2 Martini et al.l ([2006) mea- 
sured only one AGN with Lx.h > ^0'^^ erg s"' and only two 
AGN with Lx^H > 10"*^ erg s~'. From these measurements we 
find that the cluster AGN fraction has increased by approx- 
imately a factor of 20 for these two hard X-ray luminosity 
thresholds between z ~ 0.2 and z 0.6. This evolution corre- 
sponds to a significantly greater increase in the cluster AGN 
population at high-reds hift than the measured evolution of the 
field hard X-ray LF bv lUeda et al.1 Jlool over the same red- 
shift range and points to the existence of an 'AGN Butcher- 
Oemler Effect" in clusters of galaxies. The overdensity of 
AGN at high redshift could be an additional source of pre- 
heating of the ICM during cluster assembly, has important 
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cosmological implications for X-ray studies of high-redshift 
clusters, and could show how the environment influences the 
AGN population. 
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